Powder metallurgy is the conventional process for the production of CrCu alloys. Enhanced vacuum sintering techniques and the use of HIP processes can be applied to obtain higher densities and decreased porosity in the sintered parts. In this study, the optimal sintering process of Cr50Cu50 alloy targets is 1270°C for 1 h; a high density and low electrical resistivity of the alloy targets is obtained. The experimental results also indicate that the relative density of the Cr50Cu50 vacuum sintering targets can reach 99.42%, and that apparent porosity decreases to 0.54% after 1050°C at 175 MPa for 4 h of HIP treatments. The crystal property of sintered CrCu alloy is improved, and the resistivity decreased to 589 © 10 ¹8 ³·cm; IACS is also enhanced to 29.27% via HIP optimal treatment. This study shows that the high density and optimum properties of sintered Cr50Cu50 alloy targets can be produced by utilizing a suitable HIP treatment.
Introduction
CrCu alloys are widely used to make electrocontact materials. Due to Cr and Cu are immiscible, the Cr content of CrCu alloys for conventional melting and casting processes are usually not more than 1 mass%. 1, 2) Powder metallurgy (PM) is another conventional process for the production of CrCu alloys. Two processes are used to make contacts with PM methods: (i) impregnation of chromium powder with copper or its alloy; and (ii) sintering of a billet formed from a mechanical mixture of powders with present composition over a temperature range of solid phases or in the presence of a liquid-phase sintering (LPS).
2) Typically the alloys are produced by mixing, pressing, vacuum sintering, and further compacting the sintered pieces (ex. HIP technology). 3, 4) Improvements in the technology of making CrCu alloys by means of PM require knowledge of the regularities in the structure formation on sintering in the presence of LPS. 1, 5) Powder metallurgy, such as hot isostatic pressing (HIP) can be used for upgrading casting, packing pre-sintered components and consolidating powders; it involves the simultaneous application of high pressure and elevated temperature in a specially constructed vessel. Furthermore, HIP is largely concerned with the removal of pores.
69)
To evaluate Cr50Cu50 alloy targets for applications requiring long-term stability and reliability, this study focused on vacuum sintering and HIP methods to produce a Cr50Cu50 alloy target. The effects of the microstructural features on the mechanical and electrical properties were the main concerns. Moreover, the research carried out a series of experimental tests to explore the characteristics and effects of various PM processes on the Cr50Cu50 alloy targets.
Experimental
The Cr50Cu50 alloy targets were mixed and produced using 99.95% pure reduction chromium and electrolysis copper powders, and then formed with mechanical alloys by ball milling. The morphology resulting from cold welding is shown in Fig. 1(a) . A Microtrac X 100 laser was used to analyze the particle size of the powders. The mean particle size of the Cr50Cu50 alloys was about 33.1 « 0.5 µm after 1 h of ball milling. Furthermore, the distribution of particle size was uniform and centralized after 1 h of ball milling, as shown in Fig. 1(b) .
In this study, the Cr50Cu50 powders were put into an alloy steel mold (6 © 6 © 40 mm) and a vertical force of the hydraulic press was applied to the mold during the forming process. The pressure was controlled at 200 MPa for 5 min, the vacuum was maintained at 1.33 © 10 ¹9 MPa, the soaking time was 60 min and the sintering temperature was set at 1170, 1220, 1270 and 1320°C. Moreover, the commercial HIP equipment contained a Uniform Rapid Cooling (URC) system that allowed for uniform rapid cooling, decreased cycle time and higher productivity.
10) All of the sintered specimens were subjected to the following HIP treatments after the sintering process. The HIP temperature was set at 950, 1000 and 1050°C, and pressure was maintained at 175 MPa for 4 h.
To evaluate the microstructure, mechanical and electrical properties of the Cr50Cu50 alloy targets via vacuum sintering and HIP processes; the porosity, Transverse Rupture Strength (TRS) tests, X-ray Diffraction (XRD), resistivity and microstructure inspections were performed. Microstructural features of the specimens were examined by optical microscopy (OM) and scanning electron microscopy (SEM). Porosity tests followed the ASTM B311-08 and C830 standards. The Hung Ta universal material test machine (HT-9501A) with a maximum load of 25 tons was used for the TRS tests (ASTM B528-05). The electrical performance of the Cr50Cu50 alloy targets was evaluated by four-point resistance value measurements. A Napson RT-7 four-point probe was used to measure electrical properties. In addition, resistivity was calculated according to the following formula:
where the µ is resistivity, V is voltage, I is current, C is a constant, and t denotes the thickness of the test sheet.
Results and Discussion
3.1 Effects of vacuum sintering temperature on the microstructure and properties Figure 2 shows the OM morphology observations of Cr50Cu50 alloy targets after various sintering temperature treatments. Figures 2(a) and 2(b) show the metallographic of Cr50Cu50 sintered targets at 1170 and 1220°C, where the white part of the chrome grains and the yellow part of the copper were uniformly dispersed in the microstructure, respectively. The existence of residual black pores was obvious after vacuum sintering treatments. Significantly, the sintering temperature could not achieve the full densification under a 1220°C sintering temperature. When the sintering temperature was raised to 1270°C, the liquid copper quickly filled up the pores between the chromium grains due to the LPS effects. Therefore, only a few internal pores of the Cr50Cu50 sintered specimens remained in the sample, as shown in Fig. 2(c) . However, Fig. 2(d) shows that a high sintering temperature (1320°C) easily resulted in the grain coarsening and the agglomeration phenomenon.
(a) (b) Fig. 1 (a) SEM photographs of the surface morphology of Cu50Cr50 alloy powders, and (b) the distribution of particle size of Cu50Cr50 alloy powders after 1 h ball mixing. Table 1 lists the relative density, apparent porosity and electrical properties of Cr50Cu50 alloy targets by various sintering temperature treatments. The results show that the relative density reached more than 96% for all Cr50Cu50 targets at different sintering temperatures. Moreover, the relative density tended to increase as the sintering temperature increased; therefore, the relative density reached the highest value of 98.72% after sintering at 1320°C for 1 h, but the apparent porosity (0.89%) was slightly higher. A comparison of this result with Fig On the other hand, the closed pores cannot be easily removed due to their greater distance from the interior to the surface. Therefore, it is reasonable to suggest that the porosities should be mainly open pores and partly closed pores. Table 1 also lists the lowest relative density (96.21%) and highest porosity (1.57%) obtained by the 1170°C vacuum sintering process. The result can be further observed in Fig. 2(a) ; thus, it is reasonable to suggest that the porosity of the 1170°C sintered specimen involved mostly closed pores rather than open pores. Table 1 also shows the resistivity of the sintered Cr50Cu50 targets, which decreased as the relative density increased. The resistivity was 594 © 10 ¹8 ³·cm after sintering at 1170°C for 1 h. On the other hand, it decreased to 577 © 10 ¹8 ³·cm after sintering at 1320°C for 1 h. This result indicated that the electrons of targets in the 1320°C sintered specimen possessed less moving obstacles due to the high density. On the basis of free electron model of metals, the conductivity is defined as the function proportional to the relaxation time of electrons, which means the time between of one collision to the next. 13) Moreover, the average distance that an electron travels before a collision is called the mean free path. The detailed explanation of the electron mean free path in metals is a major success of the modern theory of solids. Therefore, the mean free path is proportional to the relaxation time. A decrease in the mean free path of the electrons means "less moving", and results in an increase in the resistivity. The high density of the 1320°C sintered specimen resulted in an increase in the mean free path of the electrons; thus, the resistivity of the Cr50Cu50 targets decreased. In order to facilitate a comparison of the different sintering parameters of resistivity for the CrCu alloy targets, this study converted the resistivity to the International Annealed Copper Standard (IACS). Generally, if targets possess higher IACS (conductivity of specimen/5.8 © 10 5 , %) value, the materials have better conductive properties. As shown in Table 1 , the highest IACS value (29.86%) for the Cr50Cu50 alloy targets appeared after sintering at 1320°C for 1 h. Consequently, the sintering parameter of 1320°C for 1 h for the Cr50Cu50 alloy target resulted in the optimal electrical properties.
Cr Cu
Figure 3(a) shows the hardness test for Cr50Cu50 targets by different sintering temperatures (1170, 1220, 1270 and 1320°C). Hardness is consistent with the sintering temperature and relative density, and tends to increase as the sintered target density increases. The highest hardness (HRB 29.8) of the Cr50Cu50 targets appeared in the 1320°C sintering process. On the other hand, the lowest hardness (HRB 21.3) appeared after sintering at 1170°C for 1 h. Figure 3(b) shows the TRS test of Cr50Cu50 alloy targets under different sintering temperatures, with the TRS values rapidly increasing and then declining as the sintering temperature increased. A large number of pores obviously existed in the specimen after the 1170°C sintering temperature, as seen in Fig. 2(a) . Since this temperature was not high enough to produce strong bonding of chromium and copper grains, the TRS value was only 290 MPa. However, increasing the sintering temperature afforded an adequate sintering energy and resulted in a higher densification of (a) (b) Fig. 3 Comparison of the hardness and TRS tests of Cr50Cu50 alloy targets by different sintering temperature treatments.
materials. As a result, the internal pores of the target decreased with the increasing sintering temperature (as shown in Fig. 2 ), and the targets achieved a higher relative density (as seen in Table 1 ) and TRS values. Moreover, the complete LPS was reached after sintering at 1270°C for 1 h; it offers stronger bonding to hinder the rupture mechanism of generation. As a result, the highest TRS value of 480 MPa appeared after sintering at 1270°C for 1 h. When the sintering temperature increased to 1320°C, TRS rapidly declined to 178 MPa. Analysis of the microstructure, relative density and hardness revealed no anomalies; thus, it was assumed that the decrease in TRS was the result of another factor. From the observation of the TRS fracture surface specimen, it could be found that the copper elements were more volatile at a high sintering temperature (1320°C), as shown in Fig. 4 . Moreover, the empty holes appeared in the center of the area lacking copper. These regions lacked the toughness of copper and could not provide enough strength to resist external forces. When the sintered specimen underwent an applied stress, the Cr50Cu50 alloy targets could not offer the effective chromium bonding between grains, which resulted in the lower TRS. Figure 4 (a) represents the normal fracture region which generated the tensile breaking phenomenon between the Cr and Cu grains. It is reasonable to suggest that the toughness of the Cr50Cu50 alloy target was mainly the result of the bonding phase of copper. In addition, the region of lacking copper for the 1320°C sintered specimen, is shown in Fig. 4(b) . It was observed that TRS was mainly constituted by the chromium grains. The mechanical properties of chromium are harder and more brittle, while the region lacking copper was insufficient to provide the necessary toughness. Consequently, the TRS obviously dropped; the fracture region was observed from the grain neck of the chromium bonding area (as pointed to by the arrows), as shown in Fig. 4(b) .
According to above the discussion and results, it could be concluded that the optimal sintering process of Cr50Cu50 alloy targets involved sintering at 1270°C for 1 h. Therefore, to further evaluate the effect of HIP treatment on the sintered Cr50Cu50 alloy targets, the following experiments utilized the specimen sintered at 1270°C for 1 h to explore the different HIP treatments. The HIP temperature was controlled 950, 1000 and 1050°C, and pressure was maintained at 175 MPa for 4 h, respectively. CrCu alloy targets prepared by vacuum sintering are often used in electrical contact materials; therefore, the chief concerns are the electrical properties and mechanical performance of the materials. Due to the microstructure and electrical properties significantly affect the applications of the targets; thus, the next section discusses the microstructure and electrical analysis of HIP treated on sintered Cr50Cu50 alloy targets. Table 2 shows the relative density, apparent porosity and electrical properties of sintered Cr50Cu50 alloy targets under different HIP treatment temperatures. The relative density of all HIP treated specimens reached over 99%. It was clearly shown that the relative density of Cr50Cu50 targets was effectively improved by HIP treatment. In addition, the apparent porosity was significantly decreased as the HIP temperature increased. The lowest porosity of sintered Cr50Cu50 targets appeared in the 1050°C HIP treatment, with the apparent porosity slightly increasing then rapidly decreasing as compared with the as-sintered treated specimen. It was reasonable to suggest that the closed pores were very close to the open pores of the as-sintered target surface. The high HIP pressure (175 MPa) led the pores of the specimen to spread to the outer surface, which resulted in both the relative density and apparent porosity slightly increasing at the 950°C HIP treatment. Furthermore, when the HIP temperature further increased to 1050°C, the diffusion behavior of the alloy target showed increased activity. The external porosity was exhausted by the diffusion process, and the porosity significantly decreased. Meanwhile, the relative density reached the highest value (99.42%). The HIP process eliminated the pores of sintered specimens that could be divided into closed pores and the diffusion of exhaust. In this study, parts of the closed pores which were near the free surface of specimens more easily reached the free surface by the diffusion process. Therefore, pores near the surface of the specimens were easily exhausted to the outside. On the other hand, as internal pores needed a greater diffusion distance to exhaust, it was hard to remove them by the diffusion of exhaust. Eliminating the internal pores was most efficiently done by utilizing the HIP process. Regardless of whether internal or external pores were being removed, it was still difficult to completely eliminate the internal pores. According to the above discussion and results, the sintered Cr50Cu50 target mainly utilized the HIP diffusion theory to remove most of the pores and thereby improve the sintered density.
Effects of HIP treatment on the microstructure and properties
A previous study indicated that too many remaining pores will lead to the rapid accumulation of electric charge, resulting in the uneven thickness phenomenon. 14) However, the internal closed pores of the Cr50Cu50 alloy targets were effectively removed by the HIP process, thus avoiding the arc phenomenon during the sputtering process. Table 2 reveals that the resistivity decreased to 548 © 10 ¹8 ³·cm, and the IACS value increased to 31.44% after 1050°C 175 MPa 4 h HIP treatments. The relationship of the relative density of Cr50Cu50 alloy targets to the electrical properties was also proven. Increasing the relative density significantly improved the electrical properties of HIP treated Cr50Cu50 alloy targets. It was reasonable to suggest that the higher relative density and lower porosity of HIP treatment for sintered Cr50Cu50 alloy targets led to the increase the mean free path of the electrons, which resulted in better electrical performance.
Due to the chromium metal shows very high reaction at elevated temperature, easily retaining some impurity elements of nitrogen and oxygen in the Cr target; they will directly affect the purity and quality during the coating process. In our previous study, 15) the chromium oxide easily forms on the surface of chromium metal; despite the oxygen concentration increased slightly, it should be insignificant effect upon the resistivity of the sintered Cr50Cu50 targets. However, this involves negative sputtering effects for the coating films. The targets have a tendency to produce chromium oxide after HIP processes. It is possible that the oxidation increased as the Cr target underwent more manufacturing steps and processes. In order to decrease the oxygen concentration of Cr50Cu50 alloy targets, the canning-HIP process is another suitable process. Figure 5 shows the microstructure of sintered Cr50Cu50 alloy targets by different HIP treatment temperatures. Only a few internal pores still remained in the microstructure, as shown in Fig. 5(a) . In addition, it was obvious that the internal pores decreased (0.62 and 0.54%) with an increase in HIP temperature (1000 and 1050°C), as shown in Figs. 5(b) and 5(c), respectively; the microstructure was also more uniform and dense. As a result, the high temperature and pressure of HIP treatment led to the decrease in internal pores, with the closed pores of the specimens being almost completely eliminated. Figure 6 shows the XRD pattern of Cr50Cu50 alloy targets by as-sintering and different HP treatment temperatures. All specimens exhibited a similar diffraction; a slight difference in diffractions was recognized. The major diffractions appeared in Cr (110), (200) and Cu (111), (200), (220) planes, respectively. The crystal structure depends on the XRD diffraction intensity. It was found that the intensity of Cu slightly increased after HIP treatment. Conversely, the intensity of Cr slightly decreased after HIP treatment. An equal intensity of Cr and Cu of sintered CrCu alloy targets appeared after various HIP treatments. As a result, the crystal property of the sintered CrCu alloy was improved by HIP treatments. Figure 7 shows the hardness and TRS tests of sintered Cr50Cu50 alloy targets after different HIP treatment temperatures. All of the HIP specimens exhibited similar hardness, as shown in Fig. 7(a) . A slight difference in hardness can be caused by measurement error. However, the hardness of all the HIP specimens was higher than that of the as-sintering specimens. In addition, with an increasing HIP temperature, TRS values showed a slightly increasing trend, as shown in Fig. 7(b) . The higher TRS values of 500 and 494 MPa appeared after 1000 and 1050°C HIP treatment, respectively. The result was further compared with the OM observations, shown in Fig. 5 . There were still a few internal pores of Cr50Cu50 alloys which could not be completely eliminated by 950°C HIP treatments. The internal pores easily generated the stress concentration phenomenon, which resulted in the lower strength. Conversely, 1000 and 1050°C HIP treated Cr50Cu50 alloys almost reached a complete dense (99.17 and 99.42%); thus, the accumulation of internal pores along the rupture mechanism was reduced and the TRS values were increased. It was concluded that the 1050°C 175 MPa 4 h HIP treatment was the optimal process for effectively enhancing the mechanical and electrical properties of sintered Cr50Cu50 alloy targets.
Conclusions
The relative density of the Cr50Cu50 alloy targets reached 98.41%, and TRS increased to 480 MPa after 1270°C vacuum sintering for 1 h. These results showed that high strength and high density of the Cr50Cu50 alloy targets were obtained by using a suitable vacuum sintering temperature; meanwhile, the resistivity decreased to 589 © 10 ¹8 ³·cm, and ICAS was enhanced to 29.27%. In addition, the relative density of the sintered Cr50Cu50 alloy targets increased to 99.42%, apparent porosity decreased to 0.54% and TRS increased to 494 MPa after 1050°C 175 MPa 4 h HIP treatment. From the microstructure analysis, it was observed that the closed pores were almost completely eliminated by HIP treatment. Moreover, the resistivity decreased to 548 © 10 ¹8 ³·cm, and the IACS value was enhanced to 31.44% by optimal HIP treatment. From these results, it was concluded that the HIP process effectively eliminated the internal pores and improved the mechanical and electrical properties of the sintered Cr50Cu50 alloy targets.
(a) (b) Fig. 7 Comparison of the hardness and TRS tests of sintered Cr50Cu50 alloy targets after different temperature of HIP treatments.
